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sionally, when the signal weakens gradually but persists 
for a considerable time, it is possible to inc.rense the 
sensitivity to the point where the recording relay is 
c.hnttering c.ontinuously. If the instrument c,ontact,s are 
constant in length nnd regular in position, they mny 
then be found among the random extraneous signals more 
or less readily, thereby inc,rea,sing the duration of the flight 
considerably. 

Conclwions md: recommendations.-Considering maxi- 
mum life nnd lenst weight, the most favorable conibinntion 
of batteries for the present model of the Harvard mete- 
orogrnph is believed to be a filament battery c.onsisting 
of three 1-imh diameter flashlight c.ells in series and a 
plnte battery c,onsisting of one snia.11 45-volt unit macle 
of Burgess size V c.ells. Larger batteries or better heat 
insulation may become nec.essnry when bnlloons reaching 
to higher altitudes nre used, or when winds aloft have 
higher than normal velocities. 

It is believed thnt the additional weight of a. small 
aniount of insulating material applied to  tlie batteries 
would be more than c,ompensnted for by reduced weight 
of batteries required, or by much longer life of the present 
batteries. 

Batteries should, in general, be usecl within R month of 
receipt from the factory. In no case should batteries of 
small specinl sizes be accepted from retnilers or other 
indirect sources. Filament brttteries cnn best be of 
standard flashlight cell sizes, obtainable fresh from large 
stores near the point of use, and used within a few days 
of purchnse. Recent types of batteries with layer built 
cell construction were used during some of these soundings, 
nnd were found to lose voltage very rapidly within 2 
weeks after their delivery with the instruments. Experi- 
ence in these tests indicates thnt about 100 grams per 
45-volt unit is the minimum snfe w-eight of a dry battery 
as now constructed. Tests on batteries which failed on 
the shelf showed that their failure was probably clue to a 
fnilure of a single cell, which mncle the whole battery 
useless. Improvement must presumably be in the direc- 
tion of increased uniformity of cheniical niivture and 
assembly technique. 

The new 1.5 volt radio tubes are not considered satis- 
factory for immediate substitution in place of the present 
%volt tubes, due to their reduced power output and 
shorter periocl of operation before cut-off, but should be 
further investigated for possible use in a new design of the 
radiometeorograph. 

FORMATION OF POLAR ANTICYCLONES 
By H. WEXLER 

[Weather Bureau, Washington, D. C., April 19371 

INTRODUCTION 

Meteorologists have known for a long time that when 
air is cooled from below o\-er n certain area for an estended 
length of time, an anticyclone forms. The explanation 
generally given is the following: Cooling of the air, when 
confined to a restxicted aren, lowers the isobaric surfnces 
and so causes a Compensating inflow of air from ndjacent 
regions which raises the surface pressure. However, the 
mechanism governing the compensating inflow and its 
distribution with height has not been studied carefully. 
This problem is the subject of the present paper. 

Since the cooling over the area is accompanied by a 
lowering of the isobnric surfaces, that is, by a deepening 
of a cyclone situated n t  some level aloft, it  seems natural 
to apply to the problem the Brunt-Douglas theory of the 
isallobaric velocity component: Khen a pressure distri- 
bution changes with time, the actual wind is composed of 
two components, viz, the gradient wind, which prevnils 
during stationary, nonfrictional condit'ions; and an id- 
lobaric component, which blows into the centrnl region of 
lowering pressure (isallobaric LOW), and is very nearly pro- 
portional to the isallobaric gradient. It will be shown 
that the trarisport of sir across the isobars by the isal- 
lobaric component is sufficient to account for the growth 
of polar anticyclones that is actually observed on weather 
maps. 

Before the isallobaric velocity component can be ap- 
plied, it is necessary to adopt a cooling model for the 
atmosphere. In  a recent paper by the author,2 R cooling 
model was presented for a calm, cloudless, sunless atmos- 
phere possessing, initially, a steep lapse rate and underlain 
by an unlimited snow surface. From the radiation ex- 
change between the snow surface and the atmosphere, it  
was possible to determine a relation between the tempera- 
ture of the snow surface and the niasimuni free-air 

1 Mem. Roy. Met. SOC., Vol. 111, No. 22, September 1928. 
8 Mo. WEA. REV., Val. 64, p. 122, April 1936. 

temperature. For the snow surface temperature t o  fall 
below the vnlue given by this relntion, the rnaximum free- 
air temperature must decrease; and the cooling process 
will be one whereby the ntriiosphere loses energy to space 
mostly through the spectral bnnd in the hlnck-body rndin- 
tion from tlie snow surface to which water vapor is trans- 
pnrent. As the cooling continues, the steep lapse rate 
decreases until, finally, tlie atmosphere becomes practi- 
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FIGURE 1.-Transformation of polar maritime air into polar continental air. 

cally isothermal from above tlie shallow surface layer of 
cold air to a height dependent on the initial lapse rate 
(see fig. 1) .  

The cooled air mass is wlia t niay properly be called polar 
continental air, and is found over ext,ensive land and frozen 
maritime mens in high latitudes during winter. The air 
above the cooled layer is still chnrncterized by a steep 
lapse rate, and it also cools by means of radiation directly 



230 MONTHLY WEATHER REVIEW JUNE 1937 

to space; however, it can be shown ' n 3  that the cooling of 
this air is much less than that of the air closer to the surface. 
I n  this paper the loss of energy directly to space froni the 
air above the polar continental air will be neglected at 
first, and later taken into account in a qualitative manner. 

Assume 
that the region surrounding the North Pole is a uniform 
snow field a t  sea-level and is covered by nn estensive air 
mass of horizontal homogeneity butt possessing a vertical 
temperature grndient of 7.G' C. per kilometer and a sur- 
face temperature of 0' C. At the autumnal equinox, the 
sun is just leaving the Pole; and a t  the end of 37 days, the 
region of darkness will have ext,encled to nbout 1,500 
kilometers from the Pole (at about 76' latitude). If during 
this period 70 percent clear sky hns prevded, then n t  the 
Pole the equirdent of 26 days of cooling will ha, e occurred, 
and a t  1,500 kilometers from the Pole there will have been 
0 days of cooling. As can be seen from figure 7 of the 
previous in which it is assumed no heat is trans- 
ported upward through the snow cover, this cooling will 
result in a surface temperature of-62' C., nncl an isother- 
mal layer temperature of - 3 5 O  C., a t  the Yole. With the 
lapse rate we have assumed, the height of the isothermal 
layer (depth of polnr continental air) will be 4.6 bilometers. 
A t  1,500 kilometers from the Pole the depth of the polnr 
continental nir will be 0, and, as in figure 2, a wedge of 

Let us now consider the following problem. 
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FIGURE 2.--Structure of the wedge of polar continental air. 

polar c.ontine.ntn,l air will oc.cupy a circu1a.r region of 1,500 
kilometers radius centered nbout the Pole. The isothernis 
are also shown, but are not drawn to show the existence of 
the shallow layer of cold air nest to the ground. In the 
following developments, this layer will be neglect,ed on the 
assumption that it is of negligible thickness. 

The analysis to be given here is not restricted to the 
region surrounding the geographic pole, but can be npplkd 
with slight modifications to a region in the neighborhood 
of any "cold pole", arbitrarily located. In  the northern 
hemisphere in winter, such cold poles a,re found in northern 
Asia and in Canada and Alaska. To apply the following 
methods to an elevated cold pole, however, such as the 
Greenland ice-cap or the Antarctic Plateau, would be more 
difficult, since account would have to be taken of the drain- 
age of the cold air to sea-level. 

The rate of cooling of the isothermal layer under the 
conditions assumed above is shown in figure 3 as a solid 
curve, and is represented analytically by a complicated 
function of time. However, in order to avoid undue 
complexities in such an idealized moc1e.l as adopt,ed here, 
a linear rate of cooling is assumed, such that in 26 days of 
cooling, the isothermad layer cools from 0' C. to -35' C;  
then, if t is the number of seconds of cooling, and To the 
temperature in 'A of the polnr continental air, we have 

a Mo. WEA. REV. Vol. 64 p. 122 April 1936. 
a Mo. W u .  Rrv.:Vol. 65,'~. 102,'March 1937. 

(1) T0=273-pt, where p=156.10-7 

The curve plotted from (1) is shown in figure 3 as a 
dashed line. 

Now up to about lntitude 72' the recession of the sun 
southward is very nearly linear with time, a.nd so a t  an 
given time the latitudinal temperature distribution w$ 
be linear in T,  61ie distance from the Pole. The tempera- 
ture of the polar continental air at  time t ,  and distance r 
(in cm.), is given by 

(2) Ti=273-ptfar, where a=2.33.10-', p=15G.10-'; 

t and r are independent variables, but O i r c t ,  E=67 t .  

COMPUTATION FOR ANTICYCLOGENESIS CAUSED BY CON- 
VERGENCE I N  T H E  POLAR CONTINENTAL AIR 

Let 11s first compute the magnitude of the anticyclo- 
genesis thnt results from cooling and compensating inflow 
in the polar continental air alone. 

(Day-) 
FIQURE 3.-Actual and assumed cooling curves for the isothermal layer (polar continental 

a1r). 

At n. temperature Ti, a.nd a t  a height hi above sea level, 
the pressure in a vertktlly isot,hermal atmosphere is given 
by 

where p o  is the pressure a t  the surface, assumed to be 
constant initially; ; is the gas constant for dry air; g is 
acceleration due to gravity; and H is the height of the 
homogeneous atmosphere of surface temperature Ti. 

Differentiating with respect to r,  and holding p o  con- 
stant, the pressure gradient at height hi is found to be, 

R 

(4) 

However, the assumption that po is constant a t  some 
stage of the nnticyclogenesis is erroneous, since it is the 
change in p o  that is desired. Simultaneously with the 
formation of the cyclone aloft (polar cyclone), the surface 
anticyclone forms and, as cooling continues, increases in 
height. If po IS held constant, then we assume that the 
polnr cyclone esists a t  all levels from just above the 
surface; nncl we will obtain too great an accumulation of 
air from inflow, because actually the building-up of the 
surface anticyclone diminishes the inward transport of 
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air a t  all heights and really causes an outflow of air in the 
surface layers. On the other hand, if the variation in po 
is included in the computations, then a differential equa- 
tion results which it seems most practicable to solve by a 
method of successive approximation, as will be shown 
later: In  the first approximation, p ,  is considered constant 
a t  1,000 mb., and the increase of surface pressure found 
will be too large. Later, when the second approsirnation 
is discudsed, it will be shown that the maximum difference 
between the two solutions is less than 24 percent. 

Another restriction on the first simple approximation is 
the assumption of linear flow only. The case of circular 
flow will be taken up later in this paper. 

The geostrophic wind Gf is, from ( 4 ) ,  

( 5 )  

where 1 = 2Q sin 4, assumed constant a t  1.41 X l W 4 ;  0 is the 
angular velocity of the earth's rotation, 4 is latitude, and 
Phi is density a t  height hi. 

Now the isallobaric velocity component into the deepen- 
ing Polar Cyc,lone at  height hi, time t ,  and distance from 
Pole T ,  is found by differentiating ( 5 )  with respect to time: 

The transport of mass across the isobars is 

(7 )  

where po is the density a t  the surface. 
The transport reaches n ninsimum a t  h,=H; hence, for 

an atmosphere with zero vertical temperature 
but positive horizontal temperature gradient, t e mass 
transport into the central region of cooling attains a max- 
imum a t  the height of the homogeneous atmosphere corre- 
sponding to surface temperature Ti.  When Ti=2590, 
H=7 .6  km. 

The total inward transport between the surfme and 
height hi is 

gradient, 

If we now consider the flow of air into a cylinder of 
radius 900 kilometers, whose height, 1.8 kilometers, is that 
of the polar continental air at, that distance from t,he center, 
the average increase of surface pressure in mb. for 24 
hours is 0.093, which is t,oo small to account for polar 
anticyclogenesis as actually observed. If, however, the 
cylinder extends to the top of t,he atmosphere (h= a), the 
average increase in pressure is 3.9 mb./day. 

COMPUTATION FOR ANTICYCLOGENESIS CAUSED BY CONVERG- 
E N C E  IN T H E  SUFERIOR AIR 

If the height of the polar continental air is designated by 
€2,) then Hi is given by 
(9) T,=273-7.6X lO-'H,. 

If Ta is the temperature of the superior air at height ha, 
then 

- 

Ta = 273 - 7.6 X 10-'ha. 

Now the pressure, ph,, a t  h, is given by 

where Ti  alone depends on r.  
Then 

and 

The isallobaric velocity is 

and the transport of air across the isobars is 

the tota.1 transport through a strip of 1 cm. width reaching 
from the top of the polar continental air to ha is 

For a circular region of 900 km. radius, the average 
increase in pressure resulting from convergence in the 
superior air from 1.8 km. to the top of the atmosphere 
(36 km.) is 12.40 mb/dsy, and from 1.8 km. to 8 km. (top 
of the troposphere) is 8.26 mblday, and the total average 
pressure increase is 8.36+0.09=8.35 niblday, which is a 
more reasonable value. Almost the entire pressure in- 
crease observed is clue to the convergence of the air abovo 
the polar continental air. This is by no means explained 
by the greater thickness of this layer; in the following 
section it will be shown that a much more important factor 
enters, namely, a many-fold increase in isallobaric velocity 
a t  the front, in going from the polar continental air to the 
air above. 

T H E  ISALLOBARIC VELOCITY DISCONTINUITY 

From equations ( 5 )  and ( l o ) ,  we see that a t  the front, 
between the polar continental air and the air above, where 
hi= Hi and Ta= Ti, there esists continuity in geostrophic 
wind velocity. However, as seen from equations ( 6 )  and 
( l l ) ,  there exists a discontinuity in isallobaric velocity a t  
the front: 

IbGi gayPHi gab 1O5273-T{ 
(6 )  1 bt l2 T t - 7 7 . 6 7  

--=--- 

1 bGa gap I O 5  3 .373-Tf.  
1 at l2 7.6' T,2 ' - -E-. 

2 * 273 - Ti the ratio of the two velocities is 273- I ,g  which is equal 
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to 9 a t  the cent,er of the wedge where the front is highest, 
and is equal to 20 at  900 kilometers from the center where 
the front is lower. 

The explanation of this discontinuity involves a closer 
examination of the Brunt-Douglas derivation of the isallo- 
baric velocity: 

Consider a 2-dimensional syst,em of coordinates, having 
its X-axis poiuting to the east and its Y-asis pointing to 
the north. The equations of motioii for frictionless flow 
on a restricted portion of the earth’s surface are 

- 
Letting T‘=,u+.iv (i= I/- I) ,  multiplying equation ( b )  by 
i, and aclding, 

( c )  

solving for ( u + h ) ,  

Dif€erentiat,ing the above equation, 

bl’ where 9 = - bt 

Brunt and Douglas neElect the second tern1 on the 
right-hand side ; but, since in this discussion the density is 
changing, it is important to retain this term. 

From (d), 

substituting in equation ( e )  and solving for ( u l - i r ) ?  we 
find 

Brunt and Douglas maintain that for atmospheric 
motion the last term of equation (j) is negligible in 
c,oniparison with the others, and that for flow not confined 
to stream-lines of too small radius of curvature, the nest- 
to-last term is also negligible. If these terms nreneglected, 
then equation ( f )  becomes 

where 
(f 1 V= u + i v  = G+ I ,  + I,, 

=geostrophic velocity, 

A=-% (’p+~~)=isnllobaric velocity, 

In figure 4 these velocities are shown for the polar 
continental air and the superior air at  a point of the front 
1.8 km above the ground. The isallobaric velocity in the 
polar continental air is less than ,I{O that in the superior 
air; also, because the density of polar continental air is 
increasing with time while the reverse is true for the 
superior air, the quantity I, tends to diminish the isallo- 
baric velocity in the polar continental air, but to increase 
it in the superior air; hence, the resultant inflow in the 
lower air is only 0.49 cm/sec., while in the superior air it 
is 10.05 cni/sec., about 20 times as large. 

Superior Air 
G - A5 m/se c. 

t 
FICUHE 4-Geostrophic and non-geostrophic velocities at the front (schematic). 

The deviation from geostrophic direction in the superior 
air, caused by the deepening polar cyclone, is about 1 : l O O  
and the mass transport of tropospheric air across isobars 
caused by this slight, deviation is sufficient to account for 
an average increase of pressure of more than 8 mb./day. 

It still remains to give a physical explanation of why 
the isallobaric velocity is 10 times as large in the superior 
air as in the polar continental air. In  order to do this, 
in figure 5 the pressure tendency profile across the wedge 
at  a height of 1.8 kilometers has been plotted. At the 
front there nppears a discontinuity in the slope of this 
profile, so that in the superior air it is about 10 times as 

% 
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PICURB 5.-Pressure tendency pro510 a t  1.8 kilometers above the surface. 

large as that in the polar continental air. The isallobaric 
velocity, being proportional to the isallobaric gradient, of 
course undergoes a similar increase, as already noticed. 
To explain the discontinuity in isallobaric gradient a t  the 
front, imagine that a series of barographs are situated 
along the wedge a t  a height of 1.8 kilometers. The 
barographs in the polar continental air will show almost 
equal falls, because the sinking of isobaric surfaces is 
caused mainly by the cooling of the air below 1.8 kilometers. 
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However, for the barographs situated in the superior air, 
the only air that is being cooled is the polar continental 
air which does not reach up to 1.8 kilometers, and so the 
isobaric surfaces are not sinking as rapidly as in the 
former case. This becomes more evident as we approach 
the edge of the polar continental air where the pressure 
tendency is zero. The discontinuity in the slope of the 
curve, marking the height of the cooled air which is 
encountered a t  900 kilometers from the Pole, accounts 
for the discontinuity in the isalloba~ic gradient, and also 
for the discontinuity in the isallobaric velocity. To this 
effect is added that due to the fact that the cooling in 
the polar continental air increases its density, while the 
lowering of pressure and trhe stationary temperature in 
the superior air decrease its density. These two effects, 
which combine to give a twentyfold discontinuity in 
isallobaric velocity a t  the front, result from the particular 
cooling model adopted here and illustrated in figures 1 
and 2; but the same discontinuity will exist to a less 
marked degree even if the superior air cools also, provided 
it does not do so as rapidly as the lower air. 

We have previously seen that if the cooling rate is the 
same a t  all levels in a vertically isothermal atmosphere, 
the compensating inflow of air seems too srnall to account 
for anticyclogenesis as observed, unless the inflow extends 
up to the top of the atmosphere. The same woulcl be 
found true for an atmosphere of steep lapse rate. Hence 
it appears that in order for polar anticyclogenesis to owiir 
a t  a rapid rate it is essential that the cooling proceed faster 
in lower levels than in upper levels. 

It now becomes possible to ?lot the vertical distribution 
of mass inflow (see fig. 6). 1;roni equation (7) it is seen 

inflow a t  the height corresponding to the line of separation 
of easterlies from the westerlies. 

TABLE 1.-Ratio of inaes inflow of the superior air u p  to height ha, 
and the total injIout 

- 

0 
.43 
.76 

1.00 

COhfPUTATION OF T H E  P R E S S U R E  TENDENCY PROFILE 
ACROSS A N  ANTICYCLONIC WEDGE 

If I is the mass of air in grams per second flowing through 
a strip 1 centimeter wide reaching from the ground to 8 
kilometers, then the pressure increase a t  the ground is 
given by 

p"=86400X0.9S~ dI in mbJday; 
(14) dt 
where I- 11+ I,, and 

DifTerentinting (8) and (13) with respect to r,  and 
substituting in (14), the tendency profile across the polar 
nnticycloiiic wedge (where the motion is linear) can be 
found and is shown in figure 7 as the solid curve. 

I ,  
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FIGURE B.-Verticrl distribution of nnss inflow (arrows shown in the lower air are drarrn 

about 3 times too large). 

that the mass transport increases with height until the 
height of the homogeneous atmosphere is reached (about 
7 kilometers). Since the height of the polar continental 
air is less than this value, the inflow increases with height 
in the lower air. In  the superior air a t  the front there is 
about a twenty-fold increase in this inflow, and, as seen 
from equation (12), the inflow then diminishes with 
elevation. From equation (13 j the ratio of the mass inflow 
of the superior air, up to various heights, to the total 
inflow can be found and is shown in table 1. 

Since the tropopause is located a t  about 8 kilometmers, 
the solution found above is valid only up to this height; 
hence, it can be said that of the totnl mass inflow occurring 
between the front (1.8 kilometers) and the tropopause 
(8 kilometers), about one-half is contained in the Sjh 
kilometers layer adjacent to the front. 

Since anticyclogenesis is occurring a t  lower levels, in 
the olar continental air, an outflow really exists in these 

This decreases with elevation and becomes an leves. P 

Y 

F ~ G U R E  7 -First and second appro\imntions for the pressure tendency proflle nmoss the 
anticycloruc wedge (linear flow). 

The pressure changes seem sniall compared to those 
observed. However, when a circultir anticyclonic nren is 
considered, these turn out to be larger. Before studying 
this c:ise it is necessary first to compute the isallobaric 
velocity component for curved motion. 
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COMPUTATION OF THE P R E S S U R E  T E N D E N C Y  PROFILE 
ACROSS A CIRCULAR ANTICYCLONE 

Consider the equations of motion espressed in polnr 
coordinates, (r, e), where r is the distance of a point from 
the axis of mot.ion, and 0 is the angle of the radius vector, 
measured counter-cloclrwise: 

dr . de where i.=--18=--. d t  dt  
bP 
ae Now if the isobars are circular, -=O; therefore, 

Also, for motion in the superior air, i = 0 a t  r = 0, a.s 
seen from equation ( lo) ,  

for H,#O; -= 
r+or  r-+o I T T ~ Z - ~ ~  

a t  Ht=O, lim i. has no meaning, so that a t  the initial 

instant the limiting process does not hold. 
In applying equation (15) to the inflow in the polnr 

continental air, it is necessary to have the following 
expressions: 

r+O 

(5) 

IbG- ghia2 1 
1 br l2 T,2' 

re + 2 i.e + li. = 0. -- _--- (c> 

Differentiating equation (a )  with respect to t ,  and re- 
arranging terms, 

(4 - - + ~ ( z ~ ) + h z ) + r ~ ( z + 2 ~ )  =&(- P -) ar I+---- 3gh,a ghta2 1 
PTir la T? 

and so 
ghtab 1 -__ -- 

d I b p  l2 T? 

The mass transport to height Hi is 
Assuming to be negligible in comparison with the re- 
maining terms, eliminat,ing re by means of equation ( c ) ,  

and solving for i., we find 

(16) 11= 

{ 1 -e-++ ueU[Et (- 4 -Ei ( -  (x+ d)1), - po8r - 
1 dG s(3Tt- ar)  -- - 
1 at H .  373-Ti x=---! =4.5*- 

H Ti 
where i.= (e> 

1 br 
PT,r 

-a (3 Ti - ar) . -R 
l b p .  where G= - - IS the geostrophic wind corresponding to 

the pressure gradient. m 
Now for n grndiellt wind, .?=O, and so eciuntioI1 (a )  

becomes Zrb+dz=Lb2- OT e -+2-- e 2  1 G. 
Hence, equation ( e )  becomes 

t 

p l  br 

and 
tabulated in Jahnke-Enide,' p. 83. 

in the polnr continental air, is given by 

&(--a) is the e~~oiiential-integral function which is 

p a r  1 1-14 The pressure change a t  the surface, due to convergence 

1 bG 

3 6  1bG' 1+-+--  lr 1 br 

-- - 
i at r= 

NOR, in general, for cyclonic motion, the denominator 
will be greater than unity, and so the isallobaric velocity 
component for cyclonic motion will be less than that for 
linear motion, which is t'o be expected, since the centrifugal 
force tends to sct counter to the acceleration caused by the 
deepening cyclone. 

As T+W , the second term in the denoniinator of equation 
(15)+0, and since the last term is usually quite snitill, t81ie 
isallobaric component becomes nearly equal to that for 
straight-line isobars. 

This is 
seen to be true for niotion in the polsr continental air. 
From equation (5) 

At the center of the cyclone i. should vanish. 

(17) (g) =86400X0.98 
1 

I t  is easy to show by means of equation (16) that at  

I* a 1, r=O -and also - are finite. The only term where the ' r  br 
question of a limit niay arise as r+O is uEt(-u). How- 
ever, as shown by Jalinke-Emde,' p. 79, for small values 
of u,E, (- u) - lnyu, y = 1.78 ; hence, neglecting signs, 

lini lim lnyu 
r+O h a =  r+O-i- - 

U 

- z 
- lim u 

r+O 
= O  

- limG- lini gh,a 1 =Q).  
r-+07-r+0 1 r(T,+ocr) l 

theref ore 
lim i = O .  
r+O 4 Fdtionentafeln, B. 0. Teubner, Lelpelg and Berlin, 1833. 
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In  applying equation (15)  to the inflow in the superior 
air, it is necessary to have tlie following expressions: 

1 br )Tu. 

Substituting in (15)  a.nd inte,grating tlie product of i- 
and p h a  to height ha, w-e find 

The pressure change a t  the surface due t80 convergence 
in the superior air is given by 

FIGURE S.-Pressure tendency pro6le across the circular nuticyclone. 

bP* 
bt In  figure S, the total pressure tendency profile, --= 

(g)l+(g)2,is plotteda~asolidcurve~ancl theprofiledue 

to convergence in the superior air, (2); as thedashecl 

curve, the latter being nearly coincident with the former 
from about 500 to 1,500 kilometers from the center since in 

this region the term rs)~ very small, Only near tlie center 

does convergence in the polar continental tiir cause an 
appreciable pressuse rise which when aclcled to the pres- 
sure rise due to convergence in the superior air shifts tlie 
maximum point of tlie rise froni about 500 kilometers 
from the center to the center itself. However, if account 
is taken of nnticyclogenesis, the inflow in the polrir 
continenitnl air will be greatly reduced and may even 
change sign. Hence, the sliarp iiiiixinium a t  the ceiiter 
will be reduced and may even be shifted to a position 
slightly offset from the center. 

We have just found that after 36 dttys of cooling the 
central increase of pressure in a polar tinticyclone is about 
S mb/day. It can be shown that for a younger anticyclone 
the central increase of pressure is even larger. This in- 
crease of pressure, as we have seen, results from the con- 
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vergence of air aloft into the cooled area. If this were the 
only process operative, after 26 days of cooling a very 
intense anticyclone would result littving as a central 
pressure a value never observed. Evidently, there are 
other factors, of a dynamic nature, involved which prevent 
such n large accuniulation of cold air. 

The first of these factors is the increase in westerly 
winds resulting from the convergence of the superior air 
towitrcl the center of cooling. The total absolute angulnr 
niomentum of all the converging rings of nir must be 
ninintained :ind strong westerly winds will be created; 
the deflective effect of the enrtli’s rotation acting on the 
rings will be larger t h m  the prevailing pressure gradient, 
and so there will be n limit to the aniount of convergence 
possible within a given high-level cyclone. To gage the 
mngnitude of the westerly winds crea tecl by laternl tiis- 
placeinelit of rings of air, we may apply the following 
formula derived under the assumption that each indiviclunl 
ring of tiir preserves its absolute angulnr momentum: 

u = 1 (r, - r) 

where T,-T is the clisplacenient of an individual ring, as- 
sumed small relative to P, tlie clistnnce from tlie center; and 
l = X 2  sin 4. 

As found above, the convergence of the superior air is 
about 10 centimeters per second, and so the total displace- 
ment for 26 days is about 225 kilometers, creating a 
1% esterly wind of about 30 meters per second. 

A second factor preventing the creation of large anti- 
cyclones is the release of the cold air a t  certain intervals 
in the form of an outburst of polar air such as is commonly 
observed in winter over large portions of the earth’s sur- 
face. The release of the cold air does not seem to  be a 
simple function of the intensity of the anticyclone or of the 
pressure gradient; nor is the cold air always galvanized 
into motion by a wave (young cyclone) moving along the 
front. Indeed, very often the cold air outbreaks seem to 
take place in North America without the aid of any 
cyclone, although usually, in this case, one forms to the 
left of the current after the outflow has begun. The 
factors favoring the release of cold air form a separate 
problem; but it seems as if one should look for a criterion 
involving the momentum and teniperature structure of 
the westerly winds above the polar wedge, and the effects 
of lateral mixing. 

T H E  SECOND APPROXIMATION FOR L I N E A R  FLOW 

If the computations described above for linear flow are 
performed without neglecting variations in pol then equa- 
tion ( 5 )  becomes 

where Go is the geostrophic velocity a t  the surface, 1 bP , 

1 b_G,-sh*aP I 1 bG0; 

b o  ar 
and Gf is the geostrophic velocity a t  the height hi; the 
isallobaric velocity [equation ( S ) ]  becomes 

(21) 1 bt I!,,? 1 bt 
the mass inflow in the polar continental air [equation ( S ) ]  
becomes 

Hr 273-Ti 
H Tf where x=- =4.5-- 
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Likewise in the case of the superior air, equations (lo), 
(11))  and (13) become, respectively, 

(23) 

To find the surface pressure distribution a t  time t ,  it is 
necessary to solve the following equation for p,: 

(14) 

where 1=11+12, and Ill I2 are given by equations (22) 
and (25). 

As can be seen after writing Go in terms of p, ,  and 
per€onning the required differentiations, a partial, noli- 
linear differential equation in p,, w-ith variable coefficients, 
results. The most practicable method of finding a solu- 
tion appears to be by successive approximations. First, 
the pressure profile is computed when variations in p ,  
(or Go) are neglected; this can be easily done as show1 
above. Then the surface geostrophic wind distributioii 
(Go) is found; and also, by numerical methods, the sur- 
face isallobaric velocity distribution (p =)e These latter 
two quantities are then substituted in equations (23) 
and (25)) resulting in a second approsimation for Il 
and Iz.  By numerical methods and - are found, 

1 dG, 

a1 a12 
ar ar  

and therefore also the second approximation for 2. 32) 
at 

The process may then be repeated to give further approsi- 
mations. However, because of the limitations in the 
numerical methods used, only the second approximation 
for the pressure tendency profile could be found with any 
assurance; this is shown in figure 7 as the dashed curve. 
As should be expected, the second approximation shows 
a smaller increase of pressure; the difference is especially 
marked a t  the center of the anticyclone, where the second 
approximation is about 24 percent smaller than the first,, 
while a t  the periphery it is only 14 percent smaller. It 
has not yet been shown mathematically whether the 
successive approximations converge and, if so, whether 
the convergence is so rapid that the second solution is 

sufficiently accurate. It does not seem worth while to 
spend more time on the mathematical problems involved, 
since, as  pointed out above, the breatment here has 
neglected certain impor tan t dynamical considera tio?s, 
such tis conservation of angular nioinentum ; this omission 
the author hopes to correct in a later paper. 

CONSTANTS OF THE MODEL 

26 days of cooling at a rate of 1.35' C./day; 
Vertical growth of the polar continental air -1SO meters/day; 
Horizontal growth of the polar continental air -58 km/day ; 
Slope of the front -1/300; 
Inflow velocity of the superior air-9 km/dny; 
Vertical ascent of the sriperior air -30 meters/day ; 
Sinking of the front by contraction of the cooled air-10 to  20 

metersiday . 
The superior air unclergoes very little vertical displace- 

ment as it moves toward the center, since the ascent 
caused by motion up the frontal surface is nlmost com- 
pensated by the vertical contraction of the lower cooled 
air. Bt tlie same time, of course, the superior air is 
being transformed into polar contiiiental air nt a rate of 
180 meters/day vertically ; and , likewise, the discontinuity 
in inflow velocity is raised vertically a t  the same rate. 
The comparatively large inward velocities which existed 
in the superior air before it was transformed into polar 
continental air will no lpnger be niaintained arid will 
disappear by mising with the slower moving air. 

SUMMARY 

When cooling of air occurs over a certain region, the air 
contracts, the isobaric surfaces are lowered, ancl a com- 
pensating inflow of air aloft raises the surface pressure and 
gives rise to a surface anticyclone. An explanation of the 
mechanics of the compensating inflow has been attempted 
on the basis of the Brunt-Douglas isallobaric velocity 
component, which is directed into the deepening cyclone 
aloft (polar cyclone). The vertical distribution of this 
inflow is studied; and it is found that in going though the 
front from the polar continental nir to the n i r  above, a 
many-fold increase in isallobaric velocity occurs, showing 
that almost all the increase in surface pressure results 
from convergence in the air above the lower cooled air. 

At any given time in the life history of the growing polar 
anticyclone, it is possible to construct surface pressure 
tendency profiles, and the magnitude of the increases 
seems to be in satisfactory agreement with those observed 
on w-eather maps. 

The next step in the problem is to include certain 
dynamical reasoning omitted 111 this preliminary treatment 
and then to esplain the release of these large masses of cold 
air, which occurs in a discontinuous manner, sometimes 
with no apparent clue in the shapes of surface isobars or in 
3- and 12-hour pressure changes. 

METEOROLOGICAL ASPECTS OF HAILSTORMS I N  NEBRASKA 
By G. DAVID KOCH 

[Department of Geography, University of Nebraska, Lincoln, Nebr.] 

This paper presents the results obtained from an inten- 
sive study of the available data on hailstorms in Nebraska, 
which cover the 13-year period 1924-36, inclusive. These 
data from the files of the United States Weather Bureau 
office a t  Lincoln are the result of observations made by 
voluntary weather observers at cooperative Weather 
Bureau stmations located in various parts of the State. 
The reports contain data pertaining to location, width, 
length, and direction of movement of the individual hail- 
storms. Each report was carefully checked by the offi- 

cials of the Weather Bureau and thus obvious errws and 
superficial estimates were corrected. Few storms are 
recorded earlier than April or later than September. Even 
though hail should fall during the late fall and winter 
months a relatively small amount of damage is done to 
crops. Hence, only the nionths April to September, inclu- 
sive, nre here considered. 

Hail occurs only during the passage of a thunderstorm; 
and records indicate that destructive hail occurs in only 
a comparatively small number of thunderstorms. Of the 


